The medial prefrontal cortex (mPFC) of the rat has become a key focus of studies designed to elucidate the basis of behavior involving attention and decision-making, i.e. executive functions. The adolescent mPFC is of particular interest given the role of the mPFC in impulsivity and attention, and disorders such as attentional deficit disorder. In the present study we have examined the basal extracellular concentrations of the neurotransmitters 5-hydroxytryptamine (5-HT), dopamine (DA) and norepinephrine (NE) in the ventral portion of the mPFC (vmPFC) in both adolescent (post-natal day 45e50) and adult, and male and female rats using in vivo microdialysis. We have also examined both the left and right vmPFCs given reports of laterality in function between the hemispheres. Basal extracellular concentrations of 5-HT differed significantly between male and female rats. Extracellular DA also differed significantly between male and female rats and between the left and the right vmPFC in adult males. No differences were seen in basal extracellular NE. There was a significant age difference between groups in the laterality of extracellular NE levels between right and left vmPFC. Infusion of 100 mM methamphetamine through the dialysis probe increased the extracellular concentration of all the monoamines although there were no differences between groups in methamphetamine stimulated release. The findings from this study demonstrate that there are differences in monoaminergic input to the mPFC of the rat based on age, gender and hemisphere. This work sets the neurochemical baseline for further investigations of the prefrontal cortex during development.
Introduction
The prefrontal cortex is a forebrain region associated with executive function, including decision-making, attention control, working memory, stress response, and behavioral inhibition (Yamasaki et al., 2002; Heidbreder and Groenewegen, 2003; Morgane et al., 2005; Rossetti and Carboni, 2005) . Impairments in the prefrontal neuronal circuitry are implicated in the pathology of impulse control disorders such as attention deficit disorder (ADD) and drug abuse (Russell, 2002; Sullivan and Brake, 2003) . An association has also been established between ADD and substance abuse in adulthood (Robbins, 2002) . Furthermore, pathology in the prefrontal cortex has been proposed to be involved in other psychiatric disorders such as anxiety, depression and schizophrenia (Adriani and Laviola, 2004; Schoenbaum et al., 2006; Morgane and Mokler, 2006a) . Although the rat prefrontal cortex has not developed to the extent of the primates, the function and structure do allow us to use the rat as a model to discover the workings of this important forebrain area (Dalley et al., 2004) . In separate reviews we have discussed the structure and function of the rat prefrontal cortex (Morgane et al., 2005; Morgane and Mokler, 2006b) .
The development of the prefrontal cortex is considered to be the last area of the cortex to mature, continuing to develop into early adulthood (Cunningham et al., 2002) . This delay has been suggested to be linked to behaviors such as impulsivity in adolescence that lead to substance abuse and risk taking (Benes et al., 2000; Adriani and Laviola, 2004; Andersen and Teicher, 2008) .
The neurotransmitters norepinephrine (NE), dopamine (DA) and serotonin (5-HT) in the prefrontal cortex have long been the subject of intense investigation (Davids et al., 2003; Robbins and Arnsten, 2009) . Relationships have been proposed between NE and DA in attention and 5-HT in impulsivity. Decreased DA function in the prefrontal cortex has been suggested as an independent trait marker of attentional deficits and impulsivity (Adriani and Laviola, 2004) . Sullivan and Brake (2003) have described the important modulatory role of dopamine in prefrontal cortical function, with decreased function in this system predisposing persons to ADD. In microdialysis studies by Dalley et al. (2002) , highly impulsive rats had impairment in dopamine release in the prefrontal cortex. Previous microdialysis studies have also shown that basal dopamine levels differ between the ventral and dorsal medial prefrontal cortex (Heidbreder and Groenewegen, 2003; Morgane et al., 2005) .
Impulsivity has been associated with alterations in 5-HT in the prefrontal cortex. It has been suggested that 5-HT is involved in impulse control from the observation that drugs which suppress 5-HT function reduce behavioral inhibition, making the animals more impulsive (Winstanley et al., 2005) . Low levels of 5-HT in cerebrospinal fluid have been associated with impulsive aggression and violence in humans and risk taking behaviors in monkeys . Other studies, however, have suggested that elevated 5-HT may also contribute to impulsivity. Elevated 5-HT in the rat prefrontal cortex has been associated with a deficit in impulsive control and an impulsive trait (Adriani et al., 2003) . In microdialysis studies, Dalley et al. (2002) found that there was increased 5-HT outflow in this brain region during visual performance tasks, which they associated with impulsive behaviors. Further work needs to be done to verify the role of PFC 5-HT in impulsivity.
In this study, we examined extracellular serotonin, dopamine, and norepinephrine in the ventral medial PFC of male and female adolescent and adult rats, utilizing dual-probe in vivo microdialysis. The ventral region of the medial prefrontal cortex was examined due to its relation to attentional functions, including attention to stimulus features and task contingencies, attentional set-shifting, and behavioral flexibility (Heidbreder and Groenewegen, 2003; Dalley et al., 2004) . The specific ventral portion of the medial PFC studied in these experiments includes the infralimbic prefrontal cortex and the ventral half of the prelimbic prefrontal cortex. Based on the decreased attention and increased impulsivity in the adolescent animal, our main hypothesis is that in adolescent brains there is a lower extracellular concentration of dopamine and norepinephrine and a higher extracellular concentration of serotonin in the mPFC. It is predicted there would be differences in the extracellular concentrations of neurotransmitters between all four groups: adolescent males and adolescent females, adult male and adult female rats. In addition, recent work by Sullivan et al. has shown hemispheric differences in the rat prefrontal cortex in response to stress (Sullivan, 2004) . Thus, we have examined the left and right vmPFC and hypothesized that differences will be seen in hemispheric laterality in all groups studied.
While basal extracellular concentrations of neurotransmitters are valuable information, we have also stimulated neurotransmitter release in these animals using reverse dialysis of methamphetamine to assess further the function of neurons in this brain region. These data will lead to further investigations of the prefrontal cortex and its function through development.
Methods

Subjects and diet
Male and female, adolescent and adult Long Evans rats were used in the present experiments. Timed pregnant Long Evans females (Charles River Laboratories, Wilmington, MA) gave birth at the University of New England animal facility. Litters were culled at birth to four males and four females. At weaning, male and female pups were housed with same-sex litter mates. Food and water was available ad libitum and animals were kept on a 12 h light/dark cycle with lights on at 7:00am. The subjects reached adolescent age at post-natal day 40e45 (PND 40e45) and adult age at PND 90. All animals were on a standard rat chow diet throughout the experiment (Harlan 2018 Teklad Global 18% Protein Rodent Diet (www.harlan.com)). All experiments were approved by the Institutional Animal Care and Use Committee of the University of New England and conform to the NIH Guide for the Care and Use of Animals and the Society for Neuroscience Policies on the Use of Animals and Humans in Neuroscience Research.
Ovariectomies
In order to reduce the variability in brain function that results from the estrus cycle in female rats, adult females were ovariectomized prior to the stereotaxic surgery. Ovaries were exteriorized, ligated and removed via a midline abdominal incision, which was closed with two layers of sterile sutures. The adult females were injected with 21 mg/kg 17 beta-estradiol benzoate subcutaneously every other day for two weeks prior to experiments (Ohtani et al., 2001) . Adolescent females were not ovariectomized since they would not have an estrus cycle by PND 45 (Suckow et al., 2006) .
Stereotaxic surgery
Thirty-seven-day old adolescents and 90e95 day old adults were anesthetized with 2e3% isoflurane with oxygen (0.5 L/min). Lidocaine with epinephrine was injected subcutaneously at the site of the incision. During surgery, guide cannulae (CMA-12, CMA/Microdialysis AB, Acton, MA) were implanted bilaterally into the ventral medial prefrontal cortex of the adolescent rats using the coordinates of A 9.0 mm; L AE 1.8 mm; DV 7.0 mm from intra-aural zero (PND 39) for the tip of the guide cannula according to the atlas of Sherwood and Timiris (1970) . Cannulae were implanted into adult animals such that the tip of the guide cannula was located at the coordinates of A 3.2 mm; L AE 0.8 mm; DV 2.0 mm with reference to bregma according to the atlas of Paxinos and Watson (2005) . After the holes for the guide cannulae were drilled, the guide cannulae were slowly lowered into place over a 3-min period. Three stainless steel screws were placed into the skull and dental acrylic was applied on top of the screws and cannulae to form the skullcap.
In vivo microdialysis
A minimum of three days (two weeks for the adult females) was allowed for recovery following implantation of the guide cannulae. Animals were then placed in a large Plexiglas bowl with a collar attached by a guide wire to a suspension arm. A 2 mm CMA-12 probe (CMA Microdialysis, Inc., N. Chelmsford, MA) was placed into each guide cannula. Artificial cerebrospinal fluid (artCSF), which consisted of 147 mM NaCl, 1.26 mM CaCl2, 2.5 mM KCl, 1.18 mM MgCl in sterile water, was perfused through the probe at a rate of 1 ml/min, using a CMA/Microdialysis Syringe pump and a 1.0 ml Hamilton syringe.
Basal samples were collected every 20 min for 3 h. Basal extracellular neurotransmitter levels were determined using the last three 20-min samples prior to the infusion of METH. All experiments were started between 08:00e08:30am. Methamphetamine (NIDA Research Drug Program) (100 mm) in artCSF was administered through the probe for 60 min while three additional 20-min samples were collected. This concentration of methamphetamine was chosen because of previous work showing that this concentration increases the release of neurotransmitters when infused by reverse dialysis into the brain (Dobbs and Mark, 2008) . The perfusate was then switched back to artCSF and 20-min samples continued to be collected for an additional 3 h.
Analysis of monoamines
Samples were analyzed by high performance liquid chromatography with electrochemical detection (HPLC-ECD). The system was an ESA Coulochem II (ESA Inc., Chelmsford, MA) using a 3 mm 4.6 mm Â 100 mm C-18 column (Microsorb MV, Varian, Walnut Creek, CA). The mobile phase consisted of 0.1 M disodium phosphate, 3% acetonitrile, 10 mM EDTA, and 1.5 mM octanesulfonic acid at a pH of 5.4. This allowed for the measurement of 5-HT, DA, and NE with a sensitivity of 0.5 fmol/20 ml sample. The area under the curve for samples was compared using computer software Chromperfect (Justice Laboratory Software, Palo Alto, CA) with a regression analysis of area under the curve for three authentic standards (10
À9 M) injected onto the column at the beginning of each experimental day. 5-HT, DA, and NE were verified by examining the voltammogram for standards against that determined using microdialysis samples.
Histology
At the completion of each study, the animal was perfused intracardially with 10% formalin under pentobarbital anesthesia and the brain was removed. The brain was frontally sectioned at 40 microns and stained with cresyl violet for verification of the probe placement (Fig. 5) .
Laterality
In both humans and rats, there are differences between the levels of neurotransmitters in the left and right hemispheres. In order to determine the relationship between neurotransmitter levels in the two hemispheres we used a laterality index for each neurotransmitter in each animal. The laterality index was calculated by determining the difference in the extracellular concentration of neurotransmitter in left and right vmPFC and dividing by the mean of the sum of left and right concentrations.
Statistical analysis
Extracellular concentrations of neurotransmitter across groups were analyzed using a three-way analysis of variance with sex, age and hemisphere as factors. Post-hoc comparisons were performed between all groups using a StudenteNewmaneKeulls post-hoc test. The level of significance was set at p < 0.05 for all tests. Tables 1 and 2 give F values and significance between groups.
Results
In the present study we have found significant differences between several animal groups in the basal extracellular concentrations of neurotransmitters (Fig. 1, Table 1 ). A significant difference was seen in the basal concentrations of extracellular 5-HT (5-HT EXT ) in the ventral medial PFC (vmPFC) between male and female rats regardless of age or hemisphere. Female rats had significantly higher levels of 5-HT EXT compared with male rats.
We have also seen differences in the basal concentrations of dopamine in the vmPFC. There was a significant difference between male and female rats in the basal concentrations of dopamine (DA EXT ) with female rats having elevated DA EXT compared with males. There were no significant differences in extracellular norepinephrine (NE EXT ) between male and female, adolescent and adult, or left and right vmPFC.
We have also examined the laterality of extracellular neurotransmitter concentrations in the vmPFC (Fig. 2, Table 2 ). There was a non-significant trend toward a difference in the laterality of DA between male and female animals (F(1,25) ¼ 3.767, p ¼ 0.067). There was a significant difference in laterality of the norepinephrine levels in the vmPFC of adolescent versus adult rats. Adult rats, both male and female, had higher NE in the right vmPFC compared to the left, while adolescent rats had higher NE in the left compared to the right vmPFC.
The response to local infusion of METH into the vmPFC produced significant increases in extracellular 5-HT (Fig. 3) , DA (Fig. 4) and NE (data not shown) in all groups. There were no differences between groups in this response.
Discussion
In the present study we have examined the basal extracellular concentrations of key monoaminergic neurotransmitter systems in rats at adolescence and adulthood, in both males and females, and both hemispheres of the ventral medial prefrontal cortex. We have shown that female rats at both ages and in both hemispheres have higher extracellular concentrations of 5-HT and dopamine in the vmPFC than male rats. We have also shown that adult rats have greater NE EXT in the right vmPFC while adolescents have greater NE EXT in the left vmPFC.
In the present study, female rats had higher DA EXT than males regardless of age or hemisphere. Duchesne et al. (2009) also studied gender differences in the vmPFC using tissue levels of DA, its metabolite dihydroxyphenylacetic acid (DOPAC) and the ratio of DOPAC/DA as an indirect measure of utilization. They report higher DOPAC/DA levels in males compared to females. One possible explanation for the discrepancy between these findings and the Table 1 for statistical analysis. *p < 0.05, StudenteNeumaneKeuls post-hoc analysis. Fig. 2 . Laterality of the basal extracellular concentrations of 5-HT, DA and NE in the vmPFC of the rat. Laterality was determined as described in the text. See Table 2 for statistical analysis. *p < 0.05, StudenteNeumaneKeuls post-hoc analysis.
present study is the use of ovariectomized females treated with estradiol in the present experiment. Duchesne et al. (2009) did not control for estrus in their experiments. In the present experiment, females were ovariectomized and treated with 21 mg/kg estradiol benzoate for two weeks prior to microdialysis. Ohtani et al. (2001) have reported that this dose of estradiol increases dopamine in the striatum of ovariectomized rats. Watson et al. (2006) have shown that low concentrations of estradiol inhibit the dopamine transporter (DAT). It is possible that estradiol treatment is increasing DA in the vmPFC in a similar manner. Of interest, however, is that basal DA EXT is very similar in the female adolescents who have, as yet, not entered into estrus. In a recent paper, however, Aubele and Kritzer (2010) reported that gonadectomized male rats had elevated levels of DA EXT in the PFC compared to intact controls. DA EXT returned to control levels after treatment with testosterone but not estradiol. Thus the role of estrogens and testosterone in the regulation of prefrontal cortical DA is not entirely clear. The increased extracellular DA levels in adolescent rats may be due to many different changes during development. We are aware of the initial large numbers of neurons in the post-natal brain and the eventual pruning of these neurons to adult levels. Less appreciated and less studied are the intermediate ages including adolescence. Studies often either overlook the age of the animals being studied or even use rats of inappropriate ages. McCutcheon and Marinelli (2009) have written an excellent review of this issue. In support of our findings of increased extracellular DA in adolescent animals, McCutcheon and Marinelli present data showing an increase in firing rate of midbrain dopaminergic neurons until PND 45 and then a decline into adulthood (McCutcheon and Marinelli, 2009) . PFC DA levels may also relate to the state of arousal of the animal (Robbins and Arnsten, 2009) . In these experiments animals were generally in the quiet waking state. The differences are sure to be different in the situation where there is cognitive demand. It remains to be seen if there are still age or gender differences in the activated state. Our data of extracellular DA following infusion of METH does not point to large differences in extracellular DA in the PFC in the age groups after pharmacologic activation. Other differences in the cellular and molecular biology of the brain in adolescence need further investigations.
Basal extracellular 5-HT in both the left and right vmPFC is lower in the male adolescent as compared with the female adolescent rat. In addition, DA EXT is decreased in the left ventral mPFC in adolescent male rats when compared to adolescent female rats. This data show that there are differences between adolescent male and female rats in the basal release of 5-HT and DA in the ventral mPFC. We propose that this would be directly related to differences in behaviors of male and female adolescent rats. More time points from earlier in development would be necessary to determine how this trends over time. Extrapolating these differences to humans may explain differences in behaviors between male and female adolescents as well as the pathology associated with ADD.
We have seen differences between the adult and adolescent male brain in extracellular 5-HT, DA and NE in the left and right vmPFC. There was a tendency for laterality in extracellular DA in the adult animals and a significant difference in laterality in extracellular NE by age. The functional meaning of the differences between left and right vmPFC, and whether these differences hold true for the remainder of the frontal cortical areas such as the orbital frontal cortex, are matters for further investigation. These differences should then be correlated with differences in behaviors between adolescent and adult rats. Newman and colleagues (Newman et al., 2008; Newman and McGaughy, 2011) have begun to investigate the behavioral differences between adolescents and adults, focusing on the noradrenergic system of the prefrontal cortex. They have shown that adolescent animals of the same age and strain used in the present study show cognitive rigidity in an attentional setshifting task, which may be related to differences in NE in the prefrontal cortex. While the current study does not show significant differences in NE EXT between adolescent and adult rats, the difference in laterality from adolescence to adulthood does suggest that the vmPFC may not have reached full maturity in adolescents at this age.
The present study shows that differences exist in neurotransmitter levels in the two hemispheres. It should be noted that investigators are not always clear which side of the brain is being monitored in microdialysis experiments or even if the same side is being examined in all animals. This would lead to confusion in the literature as well as increased variability in experiments.
Sullivan and colleagues have also examined the neurotransmitter laterality of the prefrontal cortex in both male and female rats (Sullivan and Brake, 2003; Sullivan, 2004; Sullivan et al., 2009; Duchesne et al., 2009) . Duchesne et al. (2009) have shown no laterality differences in either male or female rats in the vmPFC in either dopamine or 5-HT. This study, however, examined tissue content with ratio of metabolite to monoamine as an indirect indicator of neurotransmitter utilization, which are likely different from findings in our microdialysis study.
Reverse dialysis of METH through the dialysis probes significantly increased the release of 5-HT, DA and NE in all groups. Thus, although basal levels differ between males and females, and adolescent and adult animals, the mechanisms by which METH increases the extracellular levels of monoamine would not appear to differ. This would agree with similarities in the clinical response to METH in adolescents and adults.
One of the most important findings of the current experiments is differences in the basal extracellular concentrations of 5-HT, DA and NE in all groups: adolescent and adult, male and female, and left and right vmPFC. Further mapping of brain regions for differences in these parameters in rats of different ages and sexes would be valuable in determining the role of these neurotransmitters in behavior and how this may be altered in pathologies such as ADD or depression. This comparison is valuable because it sets the baseline for future experiments in the relationship of the neurotransmitters during development and between the genders. The developmental changes are particularly important in the investigation of how the adolescent brain differs from the adult and how this may relate to attention, impulsivity and developmental disorders such as ADD.
